Mass-produced terrestrial Czochralski (CZ) silicon solar cells are currently entering the domain in which bulk diffusion length is comparable to the cell thickness, so that recombination at the back surface can have a significant effect on device performance. Three manufacturable processes that address the problem of back recombination are examined here: boron diffusion from a deposited doped SiO, layer[l]; AI-alloyed layers using screen-printed pastep]; and use of a collecting n' layer on the back interdigitated with the positive electrode [3, 4] . 1 04-cm2 cells fabricated at Siemens Solar Industries using these back surface structures are characterized by current-voltage, spectral response, photoconductivity decay, and SIMS measurements.
INTRODUCTION
As the substrate thickness of mass-produced silicon solar cells is reduced to minimize costs, recombination at the back becomes increasingly important to the device performance. By virtue of their greater diffusion lengths, single-ctystal CZ Si cells are more sensitive to back surface recombination than are multicrystalline Si cells at the same thickness. High-throughput fabrication methods to reduce back recombination are becoming increasingly important for mass-produced CZ cells.
Among the approaches being studied at Siemens Solar to reduce back surface recombination are: diffusion from a borosilicate glass doping source [l] ; alloying with screenprinted AI [2] ; and formation of n-type regions on the back, interdigitated with p-type areas, that help collect minority electrons in the p-type substrate [3, 4] . Cells with 104-cm2 area have been fabricated with each of these processes on commercial CZ material grown at Siemens Solar Industries (SSI). The boron diffusions are characterized by microwave photoconductivity decay (pW-PCD) measurements [5] , and by quantum efficiency measurements with light incident on the front and on the back. AI-doped layers formed by alloying with screen-printed AI paste are characterized by secondary ion mass spectroscopy (SIMS). The degree of phosphorus compensation in the p' AI-doped layer, caused by alloying through a phosphorus diffusion, is also measured by SIMS. Cells with collecting n* regions on the back in addition to the front n' emitter, fabricated on 104-cm2 SSI CZ substrates using only screen-printed patterning technology, exhibit current densities up to 35.9 mNcm2. About 5% of this current is contributed by the back n* regions which cover -60% of the back surface in these nonoptimized cells. All three of the above methods add a minimal number of steps to the cell fabrication sequence, and use inexpensive, robust processes such as screenprinting. These are key considerations for applying a candidate process in a mass-production environment.
BORON-DOPED LAYERS
For metal-contacted regions on the back, deeper boron diffusions result in a lower emitter saturation current density J, of the doped layer. However, processing times and temperatures should ideally be kept low for CZ silicon, to avoid degradation of the bulk lifetime. This results in a trade-off between the bulk lifetime and the J, of the metalcontacted portion of the boron-doped layer on the back. If a large fraction of the back is oxide-passivated, the J, can be acceptably low even for shallow diffusions, at least for untextured surfaces [l] . Table 1 gives the values of J, , measured by pW-PCD at Sandia, for boron diffusions made at SSI under processing conditions suitable for maintaining bulk lifetime in CZ solar cells. These PCD test structures have intrinsic substrates, and had boron-doped SiO, deposited on both sides at Sandia. Measured values of the textured n* emitter J, are also listed in Table 1 . The effective surface recombination velocity is calculated from the measured J, values, using n, (25°C) = 8.70 x lo9 [6] , and N, = 1.5 x 1016 cm-'. Values of se, less than the value of D/L, where D is the diffusion coefficient for minority carriers in the substrate and L is the minority carrier diffusion length, result in reduced cell recombination as the cell thickness is decreased. D/L is typically about 1500 cm/s for SSI CZ cells. Fig. 1 shows the measured external quantum efficiency for light incident on the front and on the back of two SSI CZ cells with 228 k 10 pm substrates, one with a boron diffusion on the back, and the other with no boron diffusion. The reduced back surface recombination for the borondiffused cell is evident from the greater back response of that cell, especially at the shorter wavelengths for which charge carriers are being generated near the back surface. Experimental groups of 104-cm' SSI CZ cells with boron diffusions on the back had average efficiencies only -2.7 relative percent higher than standard process controls of the same thickness (223 t 10 pm) in the same experiment (14.8% average efficiency for the boron-diffused cells as opposed to 14.4% average for the controls). This increase is less than expected based on pW-PCD measurements of the J, of the boron-doped layer, and is suspected to be due in part to a lower diffusion length in the substrate of the boron-diffused cells than in the control cells.
AI-ALLOYED LAYERS
Aluminum alloying provides an alternative to shallow, heavily-doped boron diffusions, by forming a p' layer which can be many microns deep, but which has a relatively low dopant concentration. Fig. 2 shows the SlMS profile of an AI-doped layer formed by alloying screen-printed AI paste with an SSI CZ Si substrate. The peak AI concentration is -5 x 10l8 ~m -~, and the thickness of the p' layer is -13 pm. In practice, AI is often alloyed through a phosphorus-doped layer, which could potentially compensate the AI-doped Si layer regrown from the AI melt. Fig. 2 also plots the SlMS phosphorus profile for the same AI-alloyed sample, showing that the phosphorus, while present in the regrown layer, has a concentration less than one-tenth that of the aluminum. Table 2 shows the average measured cell performance for 104-cm2 cells. Cells with an AI-alloyed back and 224 vm substrate thickness have an average efficiency of 15.2%, or 5.8 relative % higher than for 284 pm cells with the standard process. All illuminated I-V parameters in this paper were measured at SSI at 25"C, 0.100 W/cm2 air mass 1.5 global (AM1.5G), using a reference cell calibrated at Sandia National Labs. Active-area, external quantum efficiency measurements in this paper were made at SSI, using reference detectors that were also calibrated at Sandia.
TRA NS IS TO R-LI K E STR UCT U RE
Cells with three terminals (the normal front n' contact, the back contact to the p-type base, plus an additional contact to an n* region on the back interdigitated with the positive back electrode) have demonstrated enhanced current densities, both for front illumination and for the case in which light is incident on the rear of the ce11 [3, 4] . 104-cm2 cells fabricated at SSI with a collecting n* layer on the back have current densities of up to 35.9 mNcmZ when illuminated from the front only. Accounting for a 9% grid shadowing loss, this translates to an active-area J, of 39.4mA/cmZ. Fig. 3 shows the light I-V characteristics of a cell from a preliminary run of transistor-like cells, made with only screen-printed patterning. The measurements were made with two electrode interconnection configurations: with the back n* regions externally connected to the front n' emitter; and with the back n* regions shorted to the positive back electrode. The light I-V parameters for these 0 100 200 300 400 500 600 700 two configurations are shown in Table 3 . The primary effect of the collecting n+ layer on the back is to increase Jsc by about 5% for these cells with 1.0 Rcm, 300 pm thick substrates. Because of the nature of the back contact, the cell was not resting on a temperature-controlled chuck, so the cell temperature of 25°C was determined from the V , for the configuration with the back n' region shorted to the positive back contact.
Voltage (mV)
These cells were designed with a fairly coarse pattern on the back, with a center-to-center spacing between fingers of like polarity of 0.254 cm, to make the alignment of the interdigitated back patterns as robust as possible. Large alignment tolerances increase the distance between the fingers of the positive electrode, increasing substrate resistive losses and decreasing fill factor, and also require minority electrons in the substrate to diffuse farther on average to reach a collecting n' region on the back. Improved alignment mechanisms can vastly improve the accuracy of the print position, allowing higher cell efficiencies.
SUM MARY
A variety of simple methods exist which hold the potential to increase the efficiency of mass-produced CZ silicon solar cells by 5% or more, impacting the cost per watt of photovoltaic power by a similar fraction. As substrates become thinner and diffusion lengths longer, the performance advantages of these back-surface structures are even greater. In order to make these processes costeffective, it is vital that the methods used to implement them are as simple as possible, using robust, highthroughput methods such as screen printing for cell patterning. Commercial CZ cells, with present substrate thicknesses typically 1 to 2 times their diffusion length, are currently poised to take advantage of both back-surface field structures and collecting n' back regions.
